A compact and portable rotational laser profilometer was developed for accurate measurement of the volume and color of wounds. The measuring system is based on the principle of laser-line triangulation and rotary motion along the measuring surface. The result is a 3D shape of an object, in color. The system is calibrated by measuring the surface of a reference object. The standard deviation of differences between the reference surface and the measurement was 0.4 mm after calculation of transformation parameters. The measuring range is 150x150x200 mm. The developed software is used for data acquisition and analysis. It is a tool for semi-automatic wound edge determination based on color variations using NURBS surface for the virtual healthy skin approximation. Once the wound edge is determined based on the color information, only the partial volumes within the wound boundaries are considered. In this way accuracy is significantly improved. The algorithm for automatic determination of the area of virtual healthy skin is based on the previously found wound edge. The results on the measurements of in-vivo wounds indicate that the repeatability is mostly dependent on the determination of the virtual healthy skin. By using this novel approach the relative error of the calculated volume was reduced under 10%.
Introduction
In medicine, there is a need to measure wound dimensions as predictive factors of venous leg ulcer, pressure sores or wounds healing [1] [2] [3] . Venous leg ulcers usually occur on the lower leg area of elderly people, who have problems with the chronic venous insufficiency. With a view to objectively monitor the treatment progress and to adapt it consequently if needed, there is a necessity for measuring methods to measure dimensions and picture the bottom color of the venous leg ulcer. Conventional methods and equipment are used such as measuring tapes, calipers, plastic foils, on which wound shape can be copied, etc… [3, 4] .Recently, optical three-dimensional measuring systems are used for non-contact measurement of all wound-shape characteristics (circumference, area and volume). By using the existing, although inaccurate methods, the length, width and depth can be measured [4] [5] [6] . There are many different approaches to the non-contact measurement. Structured light triangulation measuring systems are presented in [6] [7] [8] [9] . Hand-held laser-based 3D measuring system is presented in [6] , consisting of a laser projector and a commercial digital camera. Light pattern of 33 laser lines are projected onto the measured surface. Measuring range of the system is 100x100x100 mm, acquisition time 5 ms and accuracy is 0.07 mm. Thermal imaging device was added to the measuring system in [7] , which is able to acquire geometry, texture and temperature data of the surface. Wound edge is determined on image, combined with visible and thermal image. The system in [8] captures two images; first, when surface is illuminated with homogenous, bright light and the second, when color coded parallel stripes are projected to the surface. The data acquisition procedure is 0.5 s long. The wound edge is determined on the basis of red-green ratio difference between the wound and the healthy skin. The accuracy of the system is 0.4 mm when human skin is measured. Virtual healthy skin (ViHS) is approximated by using third order cubic splines interpolated over the ulcer. Stereophotogrammetric principle of the wound geometry measurement is used in [10] , where three cameras are placed in a triangle at a distance of 15 cm between each other. The presented system is also based on structured light triangulation, using only one laser stripe. On the basis of past experiences [6] the significance of wound color was noted. The surface color measurement was added for that reason. The software for semi automatic wound edge and ViHS determination was developed to improve the repeatability of wound analysis. 
Measuring system
The measuring system is based on the principle of laser line triangulation and rotary motion along the measuring surface. It has a measuring range of 150x150x200 mm. Color camera (PointGrey, FireFly MV, resolution 640x480 pix, sensor size 1/3''), laser-line projector (World Star Tech, power 3,5mW, wavelength 635nm, spread angle 15° and line width <1mm) and rotary mechanism consisting of housing, swingarm and linear stepper motor are the main components of the measuring system (see Figure 1 ). The acquisition process has two consecutive phases; geometry measurement and color measurement. The laser light plane is scanned towards the measured surface during the first phase. Intersecting curve is formed on the interception of the laser plane and the surface. It is observed with camera placed on the other side of the swingarm (see Figure 2 ). Acquired images are processed by the sub-pixel line detection algorithm [16] . Three-dimensional coordinates of the points of the interception curve are then calculated according to known image coordinates, swingarm angle, triangulation angle, projector-to-sensor distance and camera intrinsic parameters (lens focal length, pixel dimensions and distortion) [17] . The surface color is measured during the second phase -in return stroke. The laser projector is turned off and the camera is adjusted to less intense light conditions. The red, green and blue values of previously detected pixels are stored for each interception curve. 
Calibration
The calibration procedure consists of measuring the reference geometry and calculation of the system transformation parameters such as camera position and orientation, its focal length, pixel size and distortion, etc. The calibration set-up is seen on the left part of figure 3 . The reference geometry plate is fixed on a translation table. The plate is oriented perpendicularly to the table moving direction. Eleven measurements were made across the measuring range (see Figure 3-center) . The distance between the measuring system and the reference plate was between 800 mm and 1160 mm, with a 36 mm step. The measurements were used for calculation of the above mentioned parameters, using the method with minimal displacement search between measured and reference plane [17] . The criterion for parameter evaluation is standard deviation of difference between the reference and the measured surface. The achieved accuracy of the measuring system was 0.4 mm. 
Measurement analysis
For monitoring the healing process of the venous leg ulcer it is important to evaluate its characteristics; circumference, area and volume. For this purpose software was developed, using Visual C++ and Intel IPP, Open CV and nurbs++ libraries [14, 15] . The first step is wound edge determination. The process is divided into several steps; interim results can be seen in Figure 4 . First, the most appropriate color channel (red, green or blue) is selected, where the contrast between the wound and the surrounding healthy skin is the highest. In most cases, that is the blue or the green channel. Both, the color of the human skin as well as the color of wound usually contain a lot of red component, Secondly, the wound edge candidate points are determined 2nd International Conference on 3D Body Scanning Technologies, Lugano, Switzerland, 25-26 October 2011 using the Canny edge detector algorithm [13] . The threshold is slightly lower than the one recommended in [13] because it was found to be much more convenient to erase redundant points than the opposite. In the next step smaller gaps in the curve are closed using functions erode and dilate consecutively. The whole area of the wound is flooded using flood-fill function. In the final phase, the edge points of flooded area are connected into a 3D polygon, which can be used in algorithms for wound circumference, area and volume calculations.
Fig. 4 The interim results of wound-edge determination. a) Source image. b) Filtered blue channel. c) Detected edge. d) Manual edge drawing and deletion. e) Filled wound-edge area. f) Final result
Wound volume is determined as a volume between the measurement and the virtual healthy skin (ViHS). ViHS is approximated by NURBS surface (see Figure 5 ), which is constructed as a blend between four boundary curves [12] . These curves are splines, approximated by points of the measured surface between neighboring vertex points. The difference between the measured surface and the ViHS is then calculated and wound volume is determined by numerical integration over the entire wound area.
Fig. 5.Measured surface with determined wound-edge (pink dots) and approximated virtual healthy skin (green and red lines)
Due to great influence of the approximated ViHS on the final results, it is important to make the approximation process as repeatable as possible. The algorithm for automatic vertex points determination was introduced for that reason. It is based on the principle of outlining the wound edge with a rectangle having minimal area. The rectangle is enlarged for 20% and it's vertex points are used for ViHS construction. 
Measurements
The in-vivo measurements of the venous leg ulcers were conducted in four-week intervals in cooperation with Department of Dermatovenereology, University Medical Centre Ljubljana. Some of the measured wounds are shown in figure 6 . Wound edge, determined using the described procedure, is also shown. It can be observed that the measurements are quite detailed. During the analysis of the geometric characteristics of the wound we were trying to determine the various causes of error, when the analysis is performed multiple times on the same data. It turned out that the wound edge determination is very repeatable and it makes a small contribution to the total error. At constant approximated ViHS surface and different wound edge calculations the volume varied by 1%, the area by 2% and the circumference by 0,5%. Contrary to that, when the wound edge is held constant and the approximated ViHS is varied, the results may vary by as much as 150%. The cause of such large deviations is the shape of the surrounding surface. A minimal change in the position of vertex points can significantly change the boundary conditions of the surface approximation and consequently the shape of the ViHS. For that reason the algorithm for automatic vertex determination was developed.
The results indicate decrease of error, the value depending on the location of the wound.
Fig. 6. Test measurements with determined edge (pink dots).

Conclusion
A laser rotary profilometer and software for the measurement analysis was developed. After calibration, the standard deviation of differences between the reference model and the measurement was 0.4 mm. The measuring system enables measuring 3D surfaces in color a basis for wound edge semi-automatic determination. Virtual healthy skin (ViHS) is approximated by NURBS surface. The results of the analysis performed on the measurements of in-vivo wounds indicate that the repeatability is mostly dependent on the determination of the virtual healthy skin. The influence of the surrounding skin shape is substantial: if the surrounding skin is undulating a minimal change in the vertex point determination can lead to a significant change of boundary conditions for ViHS approximation. The relative error of the calculated volume was reduced under 10% by using the procedure for automatic vertex determination. The analysis also showed that the use of NURBS curves for ViHS approximation in not appropriate for all parts of the leg; it is particularly problematic on the area around the ankle bone and toe mounds. Further development will focus on optimizing approximation algorithms.
